A cosine-function-based approximation method is proposed to reconstruct atrial fibrillatory wave in QRST intervals for estimating dominant frequency of atrial fibrillation (AF) using single-lead ECG. It is hypothesized that atrial fibrillatory waves in two adjacent QRST intervals can be approached by a cosine function and direct component. As harmonics of dominant frequency are neglected, the determination of harmonics' number and Tikhonov regularization are avoided compared with previous methods. Initially, we build a learning data set composed of at most 3 TQ intervals neighboring to the two QRST intervals. Next, the optimum frequency of cosine is determined in an enumeration way using the learning data set, and the corresponding amplitude, phase, and direct component are estimated in a least square method. Finally, the atrial fibrillatory waves in the two adjacent QRST intervals are calculated based on the cosine function and direct component. This method is simple and convenient, and the atrial fibrillatory waves in ectopic QRST intervals can also be easily estimated. Through evaluation with artificial and clinical AF ECG, we proved that frequency analysis of atrial fibrillation based on this method can obtain a dominant frequency profile with less standard deviation than that based on ABS method.
Introduction
Atrial fibrillation (AF) is the most popular sustained cardiac arrhythmia in the world, occurring in 1~2% of residents in Europe and US [1] - [3] , and in 0.56% of Japanese [4] . Furthermore, the prevalence and incidence of AF increase with age, and reach about 10% in Europe and US and about 4.4% in Japan at 80 years' old [1] - [4] . AF is also an independent mortality predictor with a doubled death rate among AF subjects, and AF is the cause of 20% stroke [1] . The mechanism of AF is not completely confirmed but is usually attributed to focal mechanisms and multiple wavelets [1] . The most important noninvasive diagnosis tool of AF is surface ECG, which demonstrates irregular RR intervals and unstable atrial deflections (f wave) during AF occurrence. The interval between two atrial activations in ECG during AF is usually variable and less than 200 ms (> 300 bpm) [1] . Furthermore, surface ECG has been proved to have a strong correlation with intracardiac atrial electrograms [5] , [6] . Therefore, frequency analysis of AF ECG plays an important role in the diagnosis, prediction, therapy, and management of AF. Before AF radiofrequency ablation, an ECG pattern of AF can be used to localize AF's focal sources [7] . Sudden deterioration of AF frequency can predict the termination of paroxysmal AF [8] . Frequency analysis of surface ECG can also be used to monitor and predict antiarrhythmic drug effects in AF [9] - [13] . In additional, frequency analysis of AF can also find applications in AF's mechanism study, clinical decisionmaking, and AF clinical management [14] - [15] , the study on circadian variation of dominant AF frequency in persistent AF [16] , the prediction of risk of left atrial thrombus in AF [17] , the study on electrocardiographic characteristics of fibrillatory waves in new-onset AF [19] , the study on spatial and temporal stability of the dominant frequency of activation in AF [20] , the study on the relation between pattern of occurrence of AF and surface ECG fibrillatory wave characteristics [21] , the study on propagation pattern during AF [22] , the classification of paroxysmal and persistent atrial fibrillation [23] , the evaluation of the intervention's effects [24] , and the study on waveform characterization of AF using phase information [25] . Traditionally, in order to conduct frequency analysis of AF, the ventricular activities, i.e., QRST waveforms are usually removed from surface ECG to avoid their influence on the analysis of atrial activities [26] . The average beat substraction (ABS) method and its variations are the most widely used ventricular activation cancellation algorithms [26] - [28] . In addition, Castells et al. developed a principal component analysis based method to estimate atrial fibrillatory wave from singlelead AF ECG [29] . Recently, Lee et al. proposed an event synchronous adaptive filter method to remove ventricular activities in single-lead AF ECG [30] . After all, ABS method is the most popular method for the removal of ventricular activities from surface ECG and has been a routine method for frequency analysis of AF Holter ECG [31] and implantable loop recorder ECG [32] . However, due to the time variation of QRST waveforms and the interference of f waves on Q wave onset and T wave offset, ABS method cannot accurately remove ventricular activation and recover atrial activations [31] .
On the other hand, TQ interval usually only contain atrial activation and include no ventricular activation. Marco et al. even neglected QRST intervals and directly connected all the TQ intervals for frequency analysis of AF [19] . As an alternative method for AF analysis using single-lead ECG, TQ-based AF signal is able to provide satisfying AF dominant frequency estimation accuracy and does not apparently influence f waves [31] . Stridh et al. reconstructed AF signal in a QRST interval by summing two replicated waveforms estimated from two adjacent TQ intervals [33] . The cycle length of each replicated waveform was estimated from the autocorrelation (AR) function of the corresponding QT interval. Lemay et al. estimated the atrial activity during a QRS interval by interpolation using the atrial signals of JQ intervals enclosing the QRS interval [27] . They hypothesized that atrial signals are the linear combination of different frequencies' sines and cosines, whose coefficients can be estimated from JQ intervals. Kodituwakku et al. proposed an orthogonal basis expansion based atrial activity reconstruction method for AF analysis [34] . They supposed that atrial signals are the linear combination of a series of complex orthogonal basis, whose basic cycle length is the interval between the successive QRST's T wave end and the preceding QRST's Q onset. Stridh et al. also used a similar method to reconstruct atrial activity by using a combination of bandpass components with a fundamental frequency and its harmonics [25] . These atrial fibrillation reconstruction methods usually require the calculation of autocorrelation function or the estimation of multiple sines and cosines' coefficients based on Tikhonov regularization. Therefore, the estimation accuracy will be reduced or fail when the duration of JQ interval is short. Furthermore, the frequency resolution or the number of harmonics should be determined in advance for the methods described in [27] and [34] .
As the main purpose of AF analysis is to obtain the dominant frequency of f wave, we propose a simplified method to reconstruct AF waves without considering the harmonics of dominant frequency. At first, as f waves are usually piece-wise stable [31] , we hypothesize that AF waves in two adjacent QRST intervals can be approached by a cosine function and direct component. Then, we build a learning data set composed of 3 TQ intervals neighboring to two QRST intervals. TQ intervals less than 0.2 s are disposed from the learning data set. Then, the optimum frequency of cosine between 3 and 9 Hz is obtained in an enumeration way using the learning data set, and the corresponding amplitude, phase, and direct component values are estimated in a least square method. Finally, the atrial fibrillatory waves in the two adjacent QRST intervals are calculated based on the optimum cosine waves and direct component. This method is simple and convenient, and AF signals in ectopic beats can also be easily approximated. Through evaluation with artificial AF ECG, Physionet intracardiac AF Database, and 6 AF subjects' ECG, frequency analysis of atrial fibrillation based on this method can obtain a dominant frequency profile with less standard deviation compared with the traditional ABS method.
Method and Materials

ECG model
Usually ECG can be expressed as a combination of ventricular activity atrial activity, and noise as follows, ‫ݔ‬ሺ‫ݐ‬ሻ ൌ ‫ݒ‬ሺ‫ݐ‬ሻ ܽሺ‫ݐ‬ሻ ݊ሺ‫ݐ‬ሻ, (1) where x, v, a, n, and t are ECG, ventricular activity, atrial activity, noise, and time, respectively. Ventricular activity include QRS complex and T wave, which correspond to ventricular depolarization and repolarization, respectively. Atrial activation during AF may demonstrate a rapid cycle length less than 200 ms and baseline fluctuation [27] . Furthermore, RR intervals in ECG during AF usually illustrate an irregular pattern, which is the result of rapid atrial rate and atrioventricular (AV) node's modulation [31] .
TQ-based atrial activation reconstruction method
As the main goal of AF frequency analysis is to obtain the dominant frequency (DF) or atrial fibrillation cycle length (AFCL), we hypothesize that a(t) can be approached by a single cosine function and direct component as follows,
where ܽ ො, M, A, f, and φ are the estimated AF wave, direct component, amplitude, frequency, and phase. (2) is further modified as follows, ܽ ොሺ‫ݐ‬ሻ ൌ M A cos φ cosሺ2π݂‫ݐ‬ሻ െ Asinφsinሺ2π݂‫ݐ‬ሻ, (3) For a specific frequency value, M, Acos φ, andAsinφ can be calculated in a least square method as the cosinor method in [35] . Then, the optimum frequency f 0 of AF signal can be determined from TQ intervals as follows, ݂ ൌ arg min ∑ ሺܽ ොሺ‫ݐ‬ሻ െ ܽሺ‫ݐ‬ሻሻ ଶ (4) With a reference to Fig. 1 , the procedure of the reconstruction of AF waves in Q i T i+1 and Q i+1 T i+2 intervals is described as follows,
(1) The Q wave onset and T wave offset in AF ECG are detected at first and marked as T and Q in Fig. 1 . (2) T i Q i , T i+1 Q i+1 , and T i+2 Q i+2 intervals are treated as a learning data set. However, if any interval's duration is less than 0.2 s (300 bpm), that interval should be removed from the learning data set. If the learning data set is empty, AF waves in Q i T i+1 and Q i+1 T i+2 intervals are obtained by ABS method. This algorithm is based on the following considerations.
(1) Although the DF of AF signal is time variable, it can be hypothesized it is stable within a short period. Of course, this is also the prerequisite of AF frequency analysis. (2) As short TQ intervals during AF cannot be used to accurately reconstruct AF waves in QRST intervals, it has greatly hampered the clinical implementation of TQ-based AF wave. In this research, we employ at most 3 QT intervals for the estimation of AF waves in QRST intervals. This has increased the number of data to estimate AF wave. Furthermore, due to the AV node's refractoriness restitution characteristic [36] , when a RR interval in AF ECG is very short, its preceding RR interval might be extended and its successive RR interval might be long enough to maintain a short refractory period in the next cycle. Therefore, the learning data set may have more data for estimation and therefore the reconstruction result may be more accuracy and reliable. By the way, we used an absolute error vector to determine the optimum frequency f 0 , but searching for a maximum correlation coefficient of reconstructed AF waves and QT intervals can also be used to find the optimization value of f 0 . Our experiment has proved that the correlation coefficient method leads to similar results for AF wave reconstruction. Moreover, as the harmonics of the dominant frequency is neglected, discontinuities may take place at the Q onset and T offset after AF wave is reconstructed. Therefore, a 2nd order Butterworth 0~20 Hz low-pass filter is employed to remove discontinuities.
Frequency analysis of atrial fibrillation
Frequency analysis of AF is conducted in a traditional way, where Fourier transform, a 512-point Hamming window (4.096 s for a sampling rate of 125 Hz), and a 50% overlap for consecutive signal segments are used in this research [10] . As DF is determined by the peak in the frequency bandwidth 4~9 Hz [33] , surface ECG is preprocessed by using a 2nd order Butterworth 0~20 Hz lowpass filter to remove high-frequency noise and using a morphological filter to remove baseline wandering [38] . Q wave onset and T wave offset are detected based on a detection algorithm modified from [39] .
Validation data
In order to validate our method, three data sets are employed for evaluation. The validation data include, (1) A simulation database based on a sawtooth model for producing signals similar to the spectral pattern of atrial fibrillatory waves in AF ECG. The sawtooth model is first described by Stridh et al. in [33] , corrected by Corino et al [37] , and has been a classical method to simulate AF signals in AF ECG. In single-lead ECG, the atrial activity is calculated as a linear combination of a sinusoid and its M-1 harmonics as follows,
where f 0 is the fundamental frequency, ∆f is the maximum frequency deviation, f f is the modulation frequency, and the amplitude A m is also time variable.
where ∆A ୫ denotes the modulation amplitude, T ୱ the sampling interval, 0.008 s (125 Hz), and ݂ the amplitude modulation frequency [31] . The parameters of the sawtooth model used in this paper are similar to those in [33] as listed in Table 1 . [40] . Endocardial electrograms were obtained by using a decapolar catheter with 2-5-2 mm spacing placed in four separate regions of heart. In this research, we used 4 AF subjects' atrial free wall records (ID: 1, 2, 3, and 6) for validation because they are the longest and have relatively strong AF signal in surface ECG [31] . V1 leads are down-sampled to 125 Hz for frequency analysis and intracardiac electrogram (EGM) are also down-sampled to 125 Hz and rectified for frequency analysis [41] . As there is no V1 in the 6 th subject's data, II lead is used for frequency analysis of AF. (3) Clinical surface AF ECG In additional, 6 AF subjects' ambulatory ECG is also employed for evaluation. The duration of each data is about 30 minutes' long and the sampling rate 125 Hz. These data are provided by Nihon Kohden Ltd. and the use of these data has been permitted by medical ethics committees of related hospitals.
Results
The AF wave in the surface ECG is obtained by using the TQ-based method and ABS method for comparison. Fig.  2 illustrates the AF wave estimated from the simulation data (case I) by using our TQ-based method and ABS, respectively. Compared with the artificial atrial signal, the TQ-based atrial activation (red curve) in QRST is only a sine waveform with no harmonic components, while the atrial activation (cyan curve) is more similar to the artificial atrial signal in T wave but contains substraction artifacts in QRS complex. Furthermore, we also calculate the correlation coefficient of calculated and artificial atrial activation in QRST intervals. The average value and standard deviation of the correlation coefficient between QT-based atrial activation and artificial atrial signal are 0.78 and 0.05, while those of the correlation coefficient between atrial activation obtained by ABS method and artificial atrial signal are 0.79 and 0.15. As shown in Figure 3 , QT-based atrial activation has a much more stable correlation coefficient with artificial atrial signal in QRST intervals. Moreover, due to the preprocessing, our algorithm is also insensitive to Gaussian white noise and baseline wandering, which have merely influence on final results. Similar results can also be found by using simulation data of case II. As for frequency analysis of ambulatory ECG from 6 AF patients, Fig. 7 demonstrates the 6th subject's ambulatory ECG (black curve), TQ-based AF wave (red curve), and AF wave obtained by ABS method (cyan curve). Fig. 8 shows the time-frequency distribution of AF wave obtained by ABS method (a) and TQ-based AF wave (b). Fig. 9 illustrates the DF profiles estimated from AF waves obtained by ABS method (black curve) and TQ-based AF wave (red curve), respectively. Table 2 lists the mean and standard deviation of DF estimated from 6 subjects' ambulatory ECG. Fig. 9 and table 2 indicate that DF profiles estimated from TQ-based AF waves have a smaller variation except for subject 2. 
Discussion
In this paper, we introduced a simple atrial fibrillatory wave reconstruction method based on TQ intervals. As demonstrated in Fig.2, 4 , and 7, TQ-based AF wave contains no artifacts as introduced by ABS method in QRST intervals. Therefore, TQ-based AF wave has more stable correlation with artificial AF signal as shown in Fig.  3 . Additionally, TQ-based method can easily estimate AF wave in ectopic QRST interval, which is usually set to zero in ABS method [31] . On the other hand, compared with tradition TQ-based atrial fibrillatory wave reconstruction methods, our proposed method neglects the harmonics of dominant frequency. As the main clinical index of f wave's frequency analysis is DF [31] , the ignorance of harmonic components would not influence the detection of dominant frequency. Furthermore, our method does not need Tikhonov regularization or AR estimation procedures as traditional TQ-based methods [25] , [27] , [33] , and [34] . Moreover, as the proposed method employed at most 3 TQ intervals and an error vector updating procedure, the estimation of fundamental frequency tends to be more reliable and stable as shown in Table 2 . This may greatly overcome the disadvantage of QT-based AF wave reconstruction methods due to short QT intervals during AF. In this research, we also noticed the limitation of frequency analysis using surface ECG for AF analysis because AF waves in surface ECG may be too weak to be determined in some cases, for example, the 4 th subject's records in Physionet intracardiac AF database. We should also understand that AF waves in single-lead ECG is only an average waveform of atrial activation in atria, and therefore DF estimated from surface ECG might be different from that estimated from EGM, which varies spatially. Nevertheless, ambulatory and implantable loop recorder ECG serve as convenient AF monitoring tools for the stage classification and prognosis prediction of AF, and the prediction of anti-AF drug and catheter ablation's effects. Therefore, frequency analysis of AF based on single-lead surface ECG has an important clinical value.
Conclusion
It is concluded that the AF wave reconstruction method proposed in this research may serve as an alternative method for the frequency analysis of AF based on singlelead ECG. Further research will be conducted to validate this method by using more clinical surface ECG and EGM data.
